Abstract --An automated method is proposed to detect the optic nerve head (ONH) surface profile for the threedimensional reconstruction of the ONH surface topology and for the determination of the optic nerve head surface depth (ONHSD) and optic nerve head surface volume (ONHSV). The proposed automated method was evaluated in 15 optic disc center B-scans and was compared to the manual detection method. The results showed a good agreement between the measurement of ONHSD (0.7% ± 1.0%) and ONHSV (-1.4% ± 3.2%) using manual and automated ONH profile, respectively.
I. INTRODUCTION
Characterization of the optic nerve head (ONH) structure and morphology are essential in the analysis and management of glaucoma progression [1] . The latest spectral-domain optical coherence tomography (SD-OCT) and adaptive optics optical coherence tomography (OCT) have facilitated detailed visualization of the ONH structures and allow a more precise characterization of the ONH morphology [2] . SD-OCT images can provides a reliable measurement of the optic nerve head surface depth (ONHSD), which is defined as the perpendicular distances from a line joining the ends of Bruch's membrane opening (BMO) [3] , and optic nerve head surface volume (ONHSV), which is defined as the volume bounded by the BMO plane and the ONH surface.
Reliable automated ONH topology identification methods are necessary for quick retinal evaluation, since manual profile identification are time consuming and subjective process. In this study, we propose an automated optic nerve head surface profile identification method for the quick ONH surface identification and determination of the ONHSD and ONHSV. Performance of the proposed method to the identification of ONH surface profile is compared and verified with the manual traced profile, and the difference between the proposed automated method and manual tracing method to the determination of the ONHSD and ONHSV is also analyzed.
II. METHODOLOGY

A. Data collection
The optic disc was imaged with the Spectralis OCT (Heidelberg Engineering, GmbH, Dossenheim, Germany; super-luminescent diode laser center wavelength: 870 nm; scan speed: 40 000 A-scans per second) using 6 radial scan lines, each with 1024 A-scans, equally spaced at 30 o . The radial scans were positioned at the optic disc center on the basis of the operator estimation of the clinical disc margin while the eye-tracking system was activated. Fifteen Bscans at the same location were obtained and automatically averaged by the built-in software to increase the image signal-to-noise ratio. All OCT volumes included in the study had a scan quality score of at least 20.
B. Detection of ONH surface profile i) Manual ONH surface detection
Detection of the BMOs and the boundaries of optic nerve head (ONH) surface were performed in Spectralis OCT B-scans by an experienced ophthalmologist. All Bscans (1:1 pixel in scale) were exported as image files for analysis using a customized Matlab program (R2010a, the MathWorks, Inc, Natick, MA). The program measured ONHSD based on manual identification of the ONH surface and BMOs for each radial scans. Scaling factor (micrometers/pixel) for individual B-scans was extracted from the built-in software and applied in the customized program for further three-dimensional reconstruction of the ONH topology and BMO plane, and computation of the ONHSD and ONHSV. The tracing of the ONH surface was assisted by the piecewise cubic Hermite interpolation polynomial (highlighted in green in Fig. 2B ). The ONHSD (blue dotted line in Fig. 2C ) represented the perpendicular distances from the reference line, a line joining the BMO (pink line), to the ONH surface (i.e., the perpendicular distances linking individual pixels of the reference line and the ONH surface were measured in the B-scan image [1024 x 496 pixels]). The ONHSD of an optic disc was calculated from the average of the 6 radial B-scans for the analysis. 
ii) Automated ONH surface detection
A schematic outlines of the proposed automated ONH profile identification method is shown in Fig. 1 . The speckle noise is first remove with 2D adaptive noise-removal Wiener filter using neighborhoods of size 5 by 5 to estimate the local image, since the speckle noise is the one of the major quality degrading factor in the OCT scans. The Bscan is then subjected to a Canny edge detector with thresholds ranged from 0.01 and 0.1. The optic nerve head surface is extracted from the image after the Canny edge detection. The optic nerve head surface profile is smoothed using the rloess methods (a robust version of the local regression using weighted linear least squares and a 2 nd degree polynomial model) with a span of 1%. The optic nerve head surface profile is then used together with the two BMOs to calculate the optic nerve head surface depth (ONHSD), which is defined as the perpendicular distances from a line joining the ends of BMO (Fig. 2) .
C. Three-dimensional reconstruction of ONH topology
The two-dimensional optic nerve head surface profile from each B-scans are then re-mapped into threedimensional Cartesian domain and the optic nerve head surface from each B-scans are aligned with the optic disc center. The BMOs and ONH surface profiles are then threedimensional fitted with the gridfit surface modeling tool [4] to a BMOs reference plane and an ONH surface topology, respectively (Fig. 3) . The three-dimensional reconstructed optic nerve head surface and BMO plane is used to calculate the optic nerve head surface volume (ONHSV), which is defined as the volume bounded by the BMO plane and ONH surface. The calculated ONHSD and ONHSV from the manual detection and automated detection are compared to validate the automated detection algorithm. The agreement of ONHSD and ONHSV calculated using manual and automated ONH surface profile are evaluated with BlandAltman plot. [5] 
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III. RESULTS AND DISCUSSIONS
In total, 15 optic disc center B-scans were included for analysis. The manual detected ONH surface and BMOs were conducted by an experienced ophthalmologist as the ground truth for the comparison of the ONH surface detected from the automated identification program. Fig. 4 showed an example of the three-dimensional reconstructed ONH topology using manual and automated ONH surface detection method. The comparison of the manual detected and the automated ONH topologies were shown in Fig. 4F and it showed that the topological different between the 3D ONH topologies reconstructed using manual and automated detected are minimal. However, there were some defects near the reconstructed ONH rim and it was basically caused by the mis-recognition of the blood vessel in the B-scans as part of the ONH surface profile. The measurement different of the ONHSD and ONHSV for the manual and automated ONH detection method were shown in the Bland-Altman plot in Fig. 5 . It showed a good agreement between the measurement of ONHSD and ONHSV using manual and automated ONH topologies. The average measurement different of ONHSD and ONHSV were 0.7% ± 1.0% and -1.4% ± 3.2%, respectively.
IV. CONCLUSION
In this work, an automated optic nerve head profile identification for quick ONH surface identification in SD-OCT retinal image was proposed. The performance of the proposed algorithm to the detection of ONH surface was validated with the manual detected ONH surface and also showed a good agreement between the manual and automated detection method for the determination of ONHSD and ONHSV. However, there are some shortcomings in our work. Although the proposed automated method can accurately detect the ONH profile, it's not sensitive to the differentiation of blood vessel from the ONH surface, which may be improved in the future work.
